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PLASMA TREATMENT OF LOW DIELECTRIC CONSTANT 
DIELECTRIC MATERIAL TO FORM STRUCTURES 
USEFUL TN FORMATION OF METAL INTERCONNECTS AND/OR 
FILLED VIAS FOR INTEGRATED CIRCUIT STRUCTURE 

5 CROSS REFERENCE TO RELATED APPLICATIONS 

The subject matter of this application relates to the subject matter of copending U.S. Patent 
S Application Serial No. 09/607,512 entitled "PROCESS FOR FORMING TRENCHES AND 

VIAS IN LAYERS OF LOW DIELECTRIC CONSTANT CARBON-DOPED SILICON 
if ! OXIDE DIELECTRIC MATERIAL OF AN INTEGRATED CIRCUIT STRUCTURE WHILE 
=10 INHIBITING DAMAGE TO THE LAYERS OF LOW DIELECTRIC CONSTANT 

CARBON-DOPED SILICON OXIDE DIELECTRIC MATERIAL", assigned to the assignee 

of this application, and the subject matter of which is hereby incorporated herein by reference. 

=i The subject matter of this application relates to the subject matter of copending U.S. Patent 
1 Application Serial No. 09/607,511 entitled "PROCESS FOR FORMING TRENCHES AND 
15 VIAS IN LAYERS OF LOW DIELECTRIC CONSTANT CARBON-DOPED SILICON 
OXIDE DIELECTRIC MATERIAL OF AN INTEGRATED CIRCUIT STRUCTURE", 
assigned to the assignee of this application, and the subject matter of which is hereby 
incorporated herein by reference. 

BACKGROUND OF THE INVENTION 

20 1. Field of the Invention 

This invention relates to the formation of integrated circuit structures having one or more 
layers of low dielectric constant (low k) dielectric material. More particularly, this invention 
relates to a process for plasma treating a layer of low k dielectric materia to form, in the 
surface of the low k dielectric material, a structure useful as an etch stop and/or an etch mask 

25 in subsequent formation of a layer of metal interconnects and/or filled vias. 
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2. Description of the Related Art 

The shrinking of integrated circuits has resulted in levels of electrically conductive 
interconnects being placed closer together vertically, as well as reduction of the horizontal 
spacing between the electrically conductive interconnects, such as metal lines, on any 
5 particular level of such interconnects. As a result, capacitance has increased between such 
conductive portions, resulting in loss of speed and increased cross-talk. One proposed 
approach to solving this problem of high capacitance is to replace the conventional silicon 
oxide (Si0 2 ) dielectric material, having a dielectric constant (k) of about 4.0, with another 
insulation material having a lower dielectric constant to thereby lower the capacitance. 

10 In an article by L. Peters, entitled "Pursuing the Perfect Low-K Dielectric", published in 
Semiconductor International, Volume 21, No. 10, September 1998, at pages 64-74, a number 
of alternate dielectric materials are disclosed and discussed. Included in these dielectric 
materials is a description of a low k dielectric material having a dielectric constant of about 
3.0 formed using a Flowfill chemical vapor deposition (CVD) process developed by Trikon 

15 Technologies of Newport, Gwent, U.K. The process is said to react methyl silane (CH 3 -SiH 3 ) 
with hydrogen peroxide (H 2 0 2 ) to form monosilicic acid which condenses on a cool wafer and 
is converted into an amorphous methyl-doped silicon oxide which is annealed at 400°C to 
remove moisture. 

An article by S. McClatchie et al. entitled "Low Dielectric Constant Oxide Films Deposited 
20 Using CVD Techniques", published in the 1998 Proceedings of the Fourth International 
Dielectrics For ULSI Multilevel Interconnection Conference (Dumic) held on February 16-17, 
1998 at Santa Clara, CA, at pages 311-318, also describes the formation of methyl-doped 
silicon oxide by the low-k Flowfill process of reacting methyl silane with H 2 O a to achieve a 
dielectric constant of —2.9. 

25 The incorporation of such carbon-doped silicon oxide dielectric material into interconnect 
architecture has been very attractive not only because of the low k properties, but also because 
of the compatibility with conventional silicon process technologies. Generally these materials 
remain stable upon annealing at temperatures of up to 500°C. The carbon doped silicon oxide 
materials are characterized by the structure of amorphous silicon oxide with incorporated 

i 
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methyl groups and hydrogen species, and are also characterized by a reduced density in 
comparison with conventional silicon oxide that can be explained by the formation of 
microporosity surrounding the incorporated methyl groups. Furthermore, such hydrocarbon- 
modified silicon oxide dielectric materials deposited by CVD techniques are also characterized 
5 by strong adhesion. 

The above-mentioned shrinking of integrated circuits and resultant increase in capacitance and 
loss in speed has also resulted in a renewed interest in the utilization of higher conductivity 
materials such as copper for the metal interconnects or "wiring" used in the integrated circuit 
structure. However, one problem with the use of copper to replace other conductive metals 
10 such as aluminum or tungsten in the formation of metal interconnect layers is the difficulty 
encountered with attempts to apply to the use of copper the conventional process techniques 
used in forming aluminum or tungsten interconnects wherein a previously deposited layer of 
metal is patterned by etching the metal layer through a photoresist etch mask 
photolithographically formed over the metal layer. 

15 Because of these processing difficulties which have confronted attempts to conventionally form 
copper metal interconnects by patterning a previously deposited layer of copper metal, a 
different process, referred to as a damascene process, has been developed for forming copper 
metal interconnects. Instead of forming the metal interconnects first, and then filling the 
spaces in between the metal interconnects with dielectric material, a dielectric layer is first 

20 blanket deposited over the underlying integrated circuit structure, and a pattern of trenches 
having geometry conforming to the desired pattern of copper metal interconnects is formed 
through the dielectric layer. After optional formation of thin layers of electrically conductive 
material over the dielectric layer (and over the surfaces of the trenches therein) to respectively 
serve as a barrier layer between the dielectric material and the copper, and to facilitate 

25 adhesion of the copper layer to the dielectric material, a layer of copper metal is blanket 
deposited over the dielectric layer. This copper layer fills up all the trenches, as well as 
depositing on the upper surface of the dielectric layer. The excess copper (and excess 
barrier /adhesion layers if present) is then removed from the surface of the dielectric material, 
e.g., by a CMP process, leaving the desired pattern of copper metal interconnects in the 

30 trenches in the dielectric layer. 

I 

i 
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Advantageously, such a process for forming copper metal interconnects is combined with a 
process for forming copper-filled vias by using a stack of two dielectric layers, with via 
openings formed in the lower dielectric layer and trench openings formed in the upper 
dielectric layer. Both the vias and the trenches are then filled with copper during a single 
5 copper deposition step. In this process, commonly referred to as a dual damascene process, 
excess copper is again removed from the surface of the upper layer of dielectric material, 
usually by a CMP process, leaving a pattern of copper metal interconnects vertically connected 
electrically by copper-filled vias to the underlying integrated circuit structure. 

; f While the just described damascene and dual damascene processes permit the use of highly 
W electrically conductive copper metal for both via filling and metal interconnect formation, 
J== integrated of such processes with the use of layers of low k dielectric materials has resulted 
in the formation of further problems. The damascene processes, and in particular the dual 
damascene process, require the use of masking and etch stop layers which may necessitate the 
use of layers of non-low k dielectric layers between and over the layers of low k dielectric 
15 material, thereby undesirably raising the overall dielectric constant of the resultant compound 
layer of dielectric materials. Furthermore, to ensure selectivity of the mask or etch stops 
materials during the etch step or steps, it has, in the past, been necessary to use different 
dielectric material such as silicon nitride or silicon carbide for the mask and/or etch stop 
layers. This further complicates the deposition portion of the process, since the semiconductor 
20 substrate on which the integrated circuit structure is formed may have to be moved back and 
forth between several deposition chambers. Adhesion problems between dielectric layers may 
also arise when layers of materials such as silicon nitride and silicon carbide are introduced 
into the structure. 

It would, therefore, be desirable to form an integrated circuit structure with both low k 
25 dielectric material and copper metal interconnects and/or copper-filled vias wherein any 
permanent introduction of other material such as silicon nitride or silicon carbide as masks or 
etch stops is avoided, and increases in the dielectric constant of the resultant compound layer 
of dielectric materials is minimized, thereby optimizing the benefits of the combined use of 
low k dielectric materials and copper-filled vias and/or copper metal interconnects. 
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SUMMARY OF THE INVENTION 

The invention comprises a process for forming an integrated circuit structure having at least 
one layer of low k material thereon, and another dielectric layer over the layer of low k 
dielectric material, formed from the same low k dielectric layer, and suitable for use as an etch 
5 stop and/or an etch mask. The process comprises forming a layer of low k dielectric material 
over a previously formed integrated circuit structure, and treating the upper surface of the 
layer of low k dielectric material with a plasma to form a layer of densified dielectric material 
over the remainder of the underlying layer of low k dielectric material, whereby the layer of 
densified dielectric material is capable of serving as a etch stop and/or an etch mask for 
io etching of the underlying layer of low k dielectric material. The densification also provides 
mechanical support by improving the mechanical strength of the low k film stack. 

In a preferred embodiment, a second layer of low k dielectric material is then deposited over 
the layer of densified dielectric material and this second layer of low k dielectric material is 
then also treated to form a second layer of densified dielectric material over the second layer 

15 of low k dielectric material. The layer or layers of densified dielectric material formed from 
the low k dielectric material can then function as etch stop and mask layers for the formation 
of vias and/or trenches in the layer or layers of low k dielectric material without the need to 
add permanent layers of other materials such as silicon nitride or silicon carbide to the 
structure, thus resulting in an overall lowering of the resultant dielectric constant of the 

20 compound layers of dielectric material, as well as improving the adhesive characteristics of 
the resulting composite of dielectric layers, and consequent reduction or elimination of 
delamination problems without, however, encountering damage to the low k dielectric material 
during such processing. 

BRIEF DESCRIPTION OF THE DRAWINGS 

25 Figure 1 is a fragmentary vertical cross-sectional view of a layer of low k dielectric material 
formed over an integrated circuit structure, with a layer of densified dielectric material shown 
formed over the layer of low k dielectric material. 
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Figure 2 is a fragmentary vertical cross-sectional view of the structure of Figure 1 , with a 
photoresist mask formed over the layer of densified dielectric material and openings etched in 
the layer of densified dielectric material through the resist mask to thereby replicate, in the 
layer of densified material, the openings in the resist mask. 

5 Figure 3 is a fragmentary vertical cross-sectional view of the structure of Figure 2, with the 
photoresist mask removed, and openings etched in the layer of low k dielectric material 
through the openings in the layer of densified dielectric material which now serves as a hard 
etch mask. 

Figure 4 is a fragmentary vertical cross-sectional view of the structure of Figure 1 , with a 
UlO second layer of low k dielectric material deposited over the layer of densified dielectric 

material, a protective capping layer of silicon oxide shown formed over the second layer of 
:::f low k dielectric material, and a photoresist mask formed over the capping layer of silicon 

oxide. 

" Figure 5 is a fragmentary vertical cross-sectional view of the structure of Figure 4, with 
15 openings etched in the capping layer of silicon oxide through the resist mask, the resist mask 
then removed, and openings etched in the second layer of low k dielectric material through the 
openings previously etched in the capping layer, with the first layer of densified dielectric 
material acting as an etch stop. 

Figure 6 is a fragmentary vertical cross-sectional view of the structure of Figure 1 , with a 
20 second layer of low k dielectric material formed over the first layer of densified dielectric 
material and a second layer of densified dielectric material formed over the second layer of 
low k dielectric material. 

Figure 7 is a fragmentary vertical cross-sectional view of the structure of Figure 6, with a 
photoresist mask formed over the second layer of densified dielectric material, with openings, 
25 such as via openings, etched in the second layer of densified dielectric material through the 
resist mask. 
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Figure 8 is a fragmentary vertical cross-sectional view of the structure of Figure 7, with the 
photoresist mask removed, and with the via openings etched in the second layer of low k 
dielectric material through the openings previously etched in the layer of densified dielectric 
material which now functions as a hard etch mask, and with the first layer of densified 
5 dielectric functioning as an etch stop. 

Figure 9 is a fragmentary vertical cross-sectional view of the structure of Figure 8, with the 
via openings also now etched in the first layer of densified k dielectric material and the first 
layer of low k dielectric material down to the underlying integrated circuit structure. 

Figure 10 is a fragmentary vertical cross-sectional view of the structure of Figure 9, with an 
-10 etch mask with larger openings, such as trench openings, formed over the remaining portions 
of the second layer of densified dielectric material, and with such trench openings shown 
replicated in the second layer of densified dielectric material and the second layer of low k 
dielectric material, with the trench etch stopping at the first layer of densified dielectric 
material. 

15 Figure 11 is a fragmentary vertical cross-sectional view of an alternate embodiment of the 
invention showing the structure of Figure 2 having a second layer of low k dielectric material 
formed over the first patterned layer of densified dielectric material, and a second patterned 
layer of densified dielectric material formed over the second layer of low k dielectric material. 

DETAILED DESCRIPTION OF THE INVENTION 

20 The invention comprises a process for forming an integrated circuit structure having at least 
one layer of low k material thereon, and another dielectric layer over the layer of low k 
dielectric material, formed from the same low k dielectric layer, and suitable for use as an etch 
stop and/ or an etch mask. The process comprises forming a layer of low k dielectric material 
over a previously formed integrated circuit structure, and treating the upper surface of the 

25 layer of low k dielectric material with a plasma to form a layer of densified dielectric material 
over the remainder of the underlying layer of low k dielectric material, whereby the layer of 
densified dielectric material is capable of serving as a etch stop and/or an etch mask for 

I 
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etching of the underlying layer of low k dielectric material. In a preferred embodiment, a 
second layer of low k dielectric material is then deposited over the layer of densified dielectric 
material and this second layer of low k dielectric material is then also treated to form a second 
layer of densified dielectric material over the second layer of low k dielectric material. The 
5 layer or layers of densified dielectric material formed from the low k dielectric material 
provide mechanicla support and can then function as etch stop and mask layers for the 
formation of vias and/or trenches in the layer or layers of low k dielectric material without the 
need to add permanent layers of other materials such as silicon nitride or silicon carbide to the 
structure, thus resulting in an overall lowering of the resultant dielectric constant of the 
10 compound layers of dielectric material, as well as improving the adhesive characteristics of 
« the resulting composite of dielectric layers, and consequent reduction or elimination of 
delamination problems without, however, encountering damage to the low k dielectric material 
during such processing. 

The term "low k", as used herein, is intended to define a dielectric constant of a dielectric 
15 material of 3.5 or less. Preferably, the dielectric constant of a "low k" material will be 3.0 
or less, and most preferably will be 2.5 or less. 

The layers of low k dielectric material described herein may comprise carbon-doped silicon 
oxide dielectric material or any other type of low k dielectric material capable of being treated 
in a plasma to form, from the surface portion of the low k dielectric layer, a densified layer 

20 of dielectric material having characteristics resembling a conventional (non-low k) silicon oxide 
or silicon carbide dielectric material. Low k dielectric material suitable for use in this 
invention and capable of being treated to form the desired layer or layers of densified dielectric 
material can be formed using processes and equipment commercially available from, for 
example, Novellus, AMAT, Trikon, ASM, Dow Corning, Hitachi, Dow Chemical, 

25 Honeywell, Schumacher, and W.L. Gore. Other low k dielectric materials which may be used 
in the process of the invention include the low k dielectric materials described in U.S. Patent 
Application Serial Nos. 09/274,457; 09/590,310; 09/792,683; 09/792,685; and 09/792,691; 
all assigned to the assignee of the invention; and the subject matter of each of which is hereby 
incorporated by reference. The formation of densified dielectric material on the surface of a 

30 low k dielectric material is also disclosed in Sukharev et al. U.S. Patent No. 6,114,259, issued 
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September 5, 2000 and asigned to the assignee of this application, and the subject matter of 
which is hereby incorporated herein by reference. 

The densification step used to treat the surface of the layer of low k dielectric material to form 
the layer of densified dielectric material comprises exposing the surface of a previously formed 
5 layer of low k dielectric material to a plasma formed from a neutral or reducing gas such as, 
for example, H 2 , He, Ar, NH 3 , or N 2 . The reaction parameters used during the densification 
process may vary with the gas used in the plasma, as well as the materials present during the 
densification process. For example, when hydrogen gas is used, the power level should be 
maintained within a range of from about 500 to about 1500 watts, preferably from about 800 

10 to about 12 00 watts, and most preferably from about 900 to about 100 watts, with the typical 
power level being about 1000 watts. The plasma power source may be a single frequency 
power source, e.g., a conventional 13.56 MHz source, or such a source may be used in 
conjunction with a low frequency power source, such as a 600-800 Hz power supply, with one 
or the other of the power supplies usually coupled to the substrate support on which integrated 

15 circuit structure being treated is mounted. 

The pressure in the reactor where the plasma densification treatment is being carried out 
should range from about 1 Torr to about 10 Torr, preferably from about 1 to about 5 Torr, 
and most preferably from about 2 to about 4 Torr, with the typical pressure being maintained 
at about 2-3 Torr. The temperature of the densification treatment should be at least high 

20 enough to achieve the desired results efficiently without exceeding a temperature at which the 
low k dielectric material being treated might be damaged or destroyed. Furthermore, when 
copper is present, the maximum temperature should be below that temperature at which the 
copper would be degraded or diffuse into undesired regions of the integrated circuit structure. 
The temperature of the densification treatment will range from about 200°C to about 500°C, 

25 with a temperature range of from about 350°C to about 450°C preferred. 

The time of the densification treatment will vary with the desired thickness of the layer of 
densified dielectric material. Such thickness will, in turn, depend upon the desired use of the 
layer of densified dielectric material. When the layer of densified dielectric material, for 
example, is to serve as an etch stop layer, it can be thinner than when it will be used as a hard 
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mask wherein some of the initial thickness of the layer will be eroded away as the etch 
proceeds. Typically, when an etch stop layer is to be formed, the densification treatment will 
be carried out for from about 30 seconds to about 10 minutes, preferably from about 2 minutes 
to about 5 minutes, and typically about 3 minutes to form an etch stop layer of densified 
5 dielectric material having a thickness ranging from about 300 A to about 1000 A, and 
preferably from about 400 A to about 600 A, with a typical thickness being about 500 A. 
Thicker layers may be need when the layer of densified dielectric material is to function as an 
etch mask, with the thickness of the mask layer ultimately dependent upon the thickness of the 
material being etched below the etch mask. 

10 Turning now to Figure 1 , an integrated circuit structure is shown at 2 having a barrier layer 
6 formed thereon to isolate the materials in integrated circuit structure 2 from layer 10 of low 
k dielectric material formed over barrier layer 6. Layer 20 of densified dielectric material, 
formed by subjecting the upper surface of low k layer 10 to the plasma densification treatment 
just described, is shown formed over the top surface of low k layer 10. 

15 By way of examples, integrated circuit structure 2 may comprise a lower level of previously 
formed metal interconnects, a lower level of dielectric material having filled vias or contact 
openings therein, or it may comprise contact portions of active or passive electronic devices. 

Barrier layer 6, formed over integrated circuit structure 2, may comprise a conventional silicon 
oxide dielectric material or another conventional dielectric material such as silicon nitride, 
20 silicon oxynitride, or silicon carbide. Preferably, from at least the standpoint of adhesion to 
other layers, it is preferably that barrier layer 6 comprise silicon oxide. 

The purpose of barrier layer 6 is to chemically isolate low k dielectric layer 10 from other 
portions of integrated circuit structure 2. Since the dielectric material comprising barrier layer 
6 will have a higher dielectric constant (k) than low k dielectric layer 10 ( ~ 4 for silicon oxide 
25 and higher for the other above-mentioned dielectric materials) , it is important that barrier layer 
6 have a thickness no greater than necessary to achieve the desired chemical isolation from 
integrated circuit structure 2. Typically the thickness of barrier layer 6 will range from about 
250 A to about 500 A. 
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Figure 2 shows the structure of Figure 1 with a resist mask 30 formed over densified dielectric 
layer 20 and openings 24 selectively etched in layer 20 through resist mask 30. Densified 
dielectric layer 20 may be etched using fluorocarbon/hydrofluorocarbon etchants comprising, 
for example, a mixture of CF 4 , CH 2 F 2 , argon, and oxygen. The pressure during the process, 
5 regardless of which material is being etched, should be maintained within a range of from 
about 50 millitorr to about 500 millitorr, and preferably within a range of from about 100 
millitorr to about 200 millitorr. 

It should be noted that both densified dielectric layer 20 and low k dielectric layer 10 could 
-- be etched through resist mask 30 to form openings 24 in densified layer 20 and openings 14 

10" in low k layer 10. However, the reason for selectively removing only densified layer 20 using 
resist mask 30 is to replicate in densified layer 20 the pattern of openings in resist mask 30 
so that the removal of resist mask 30 using, for example, an ashing process will not result in 
exposure of the low k dielectric material to the ashing process which could damage the low 
k material. Therefore, a selective etch is used to first etch only the densified layer 20 through 

15 resist mask 30, then resist mask 30 is removed, and then low k layer 10 is etched through 
openings 24 in densified layer 20, using, for example, etch chemistry comprising CF 4 , Ar, 
CO, and N 2 . For this reason, the initial etching of densified layer 20 through resist mask 30 
should preferably be carried out for a period of time insufficient to remove all of the densified 
material in openings 24, rather than the converse to assure non-exposure of the underlying low 

20 k dielectric material in low k layer 10 to the ashing process. 

Turning now to Figure 3, after removal of resist mask 30, the fluorocarbon/hydrofluorocarbon 
etch is resumed to etch away any remaining portions of densified layer 20 at the bottom of 
holes 24 and then to etch holes 14 through low k layer 10 and holes 8 in barrier layer 6 to 
thereby form a via or contact opening down to underlying integrated circuit structure 2, as 

25 shown in Figure 3. Since densified layer 20 is formed from low k dielectric layer 10, there 
should be no problem of adhesion between low k layer 10 and the densified layer 20. 
Furthermore, when silicon-based material is used to form barrier layer 6 and low k dielectric 
layer 10 comprises a silicon oxide-based dielectric material adhesion problems between barrier 
layer 6 and low k layer 10 should be minimized as well, thus effectively eliminating adhesion 

30 problems between the individual layers making up the compound dielectric layer. 
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Furthermore, the formation of densified layer 20 from low k layer 10 permits a single chamber 
to be used for the formation of the low k dielectric layer 10 and its subsequent plasma 
densification treatment to form densified layer 20, thus eliminating time consuming and 
potentially contaminating movements of the substrate between multiple processing chambers. 

5 Turning now to Figure 4, another embodiment of the invention is shown wherein, after 
densification treatment of low k dielectric layer 10 has been carried out to form densification 
dielectric layer 20, a second layer of low k dielectric material 40 is formed over first 
densification layer 20. Preferably, to mitigate adhesion problems, low k dielectric layer 40 
comprises the same dielectric material used in forming first low k dielectric layer 10, although 
] 0 any of the previously discussed low k dielectric materials could be used for dielectric layer 40. 

At this point, as also shown in Figure 4, a capping layer 46, comprising, for example, 
conventional silicon oxide as used for dielectric barrier layer 6, could be deposited over low 
k dielectric layer 40 as a protective layer followed by deposition of resist mask 50 over 
protective capping layer 40. Capping layer 46 may then be selectively etched through resist 

15 mask 50 to form a hard mask in capping layer 46, followed by removal of resist mask 50 
before the etching of second low k dielectric layer 40, thereby protecting low k layer 40 from 
the processing used to remove resist mask 50, as in the previous embodiment. This selective 
etching of protective capping layer 46 can also be carried out, when capping layer 46 
comprises silicon oxide or silicon carbide, using the previously described 

20 fluorocarbon/hydrofluorocarbon etch to etch away substantially all of the exposed capping 
layer 46 beneath resist mask 50. 

Resist mask 50 is then conventionally removed, e.g., by an ashing treatment, followed by 
resumption of the fluorocarbon etch to etch away the exposed portion of second low k 
dielectric layer 40, with the etch stopping at first densified dielectric layer 20 which now 
25 functions as an etch stop layer, resulting in the structure shown in Figure 5 with openings 44, 
such as via openings, formed in second dielectric layer 40. 

Figure 6 shows the structure of Figure 1 with a second low k dielectric layer 40 thereon, as 
in the embodiment of Figure 4, but with a second densified dielectric layer 60 formed by 
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treating the upper surface of second low k dielectric layer 40 to the previously described 
plasma densification treatment applied to the surface of first low k dielectric layer 10 to form 
first densified dielectric layer 20. 

A resist mask 70 is then formed over second densified dielectric layer 60 having a via pattern 
therein. This via pattern in resist mask 70 is then replicated in second densified dielectric 
layer 60, as also shown in Figure 7, using a fluorocarbon/hydrofluorocarbon etch. Resist 
mask 70 may then be removed, leaving the via pattern in second densified layer 60 as a hard 
mask, as shown in Figure 8. Preferably, resist mask 70 is removed prior to commencement 
of the etching of second low k dielectric layer 40 to avoid damage to second low k layer 40 
by the etchant system used to remove resist mask 70. 

After removal of resist mask 70, second low k dielectric layer 40 is etched through the 
openings previously etched in second densified layer 60, again using a fluorocarbon etch. This 
etch is carried out, as shown in Figure 8, until the etch reaches first densified dielectric layer 
20, at which time the chemistry of the etch is changed to a fluorocarbon/hydrofluorocarbon 
etch to etch through first densified dielectric layer 20. After the etch reaches first low k 
dielectric layer 10 beneath first densified dielectric layer 20, the etch chemistry is again 
adjusted to the same etch chemistry used to etch through second low k dielectric layer 40 until 
barrier layer 6 is reached. 

The etchant system is then again changed to provide conditions favorable to the etching of 
barrier layer 6. When barrier layer 6 comprises a conventional silicon oxide layer, the 
fluorocarbon/hydrofluorocarbon etchant system may again be used. Alternatively, when 
barrier layer 6 comprises a silicon nitride layer, a CHF 3 and NH 3 etchant system may be used 
to remove the exposed portions of barrier layer 6. In any case, the removal of the exposed 
portions of barrier layer 6 completes the formation of via openings 80 down to integrated 
circuit structure 2, as shown in Figure 9. 

Turning now to Figure 10, a pattern of trenches 100 in registry with vias 80 is shown formed 
by formation of a trench mask layer 90 over the remaining portions of second densified 
dielectric layer 60. A pattern of trenches 100 is then etched in second densified dielectric 
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layer 60 and second low k dielectric layer 40 through trench mask 90, down to first densified 
layer 20, which functions as an etch stop. As previously described, a 
fluorocarbon/hydrofluorocarbon etch may be used to etch second densified dielectric layer 60, 
with the etch chemistry changed, when second low k dielectric layer 40 is reached so that, to 
a fluorocarbon etch which will be selective to densified dielectric material (will favor the 
etching of low k dielectric material) when the etch stop (first densified dielectric layer 20) is 
reached. The result, as shown in Figure 10, is a double damascene structure with the first and 
second low k dielectric layers 10 and 40, and the densified dielectric layers 10 and 60 all 
preferably formed from the same material wherein adhesion problems between layers of 
differing materials has been effectively eliminated. Furthermore, the densified dielectric 
material, formed by plasma treatment of the low k dielectric material, is capable of functioning 
as an etch stop or as a hard mask due to the ability to selectively etch either the low k 
dielectric material or the densified dielectric material made from the low k dielectric material. 

Figure 11 illustrates another embodiment wherein first densified dielectric layer 20' is shown 
already patterned with a via resist mask (not shown) prior to formation of second low k 
dielectric layer 40' thereon. The via resist mask, after patterning of first densified dielectric 
layer 20', is then removed, prior to etching of first low k layer 10. This ensures that first 
low k dielectric layer 10 will not be damaged by the materials used to remove the via etch 
mask. After formation of second low k dielectric layer 40' over first densified dielectric 
layer 20' and the via openings therein, a second densified dielectric layer 60' is formed by 
plasma densification of the upper surface portion of low k dielectric layer 40', as in the 
previous embodiment. 

However, unlike the previous embodiment (wherein via mask 70 is then formed over second 
densified dielectric layer 60 to first form the via openings), a resist mask 110, with a pattern 
of trench openings therein, is formed over second densified dielectric layer 60'. The pattern 
of trench openings in resist mask 110 is then replicated in second densified dielectric layer 60' 
by selective etching of second densified dielectric layer 60', as shown in Figure 11, followed 
by removal of trench resist mask 110. The final step then is a single etching step selective to 
densified dielectric material. This may be carried out using a previously described 
fluorocarbon etch. 
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In this single etching step, both the via openings (in first low k dielectric layer 10 and first 
densified dielectric layer 20') and the trench openings (in second low k dielectric layer 40') 
are formed at the same time, with first densified dielectric layer 20' functioning as a via etch 
mask for formation of the vias in and beneath previously patterned first densified dielectric 
layer 20', and as an etch stop for the formation of the trenches above first densified dielectric 
layer 20'. 

Thus, in this embodiment, both the via resist mask and the trench resist mask are removed 
prior to the etching of any of the layers of low k dielectric material and damage to exposed 
portions of low k dielectric material by the resist mask removal procedures is, therefore, 
avoided. However, it should be noted that the practice of this embodiment could require 
(depending upon the selectivity of the etch) the use of a thicker layer for first densified 
dielectric layer 20', since first densified dielectric layer 20' will function as a via etch mask, 
unlike the prior embodiment wherein first densified dielectric layer 20 was only required to 
function as an etch stop layer for the formation of the trenches in the dielectric layers above 
first densified dielectric layer 20. Such use of a thicker densified dielectric material as a via 
hard mask may negatively impact on the overall dielectric constant of the composite of 
dielectric layers. 

The following may serve to better illustrate the practice of one embodiment of the invention. 
Over a previously formed layer of metal interconnects on a silicon substrate may be formed 
a barrier layer of about 500 A thickness of silicon carbide. An approximately 400 nanometer 
(nm) thick layer of low k carbon-containing silicon oxide dielectric material may then be 
formed over the barrier layer by reacting methyl silane with a source of oxygen. The top 
surface of the resulting layer of low k dielectric material is then exposed to a hydrogen plasma 
to form a densified dielectric layer over the low k dielectric layer. The plasma densification 
treatment is carried out for about 3 minutes at a temperature of about 450°C, a pressure of 
about 2 Torr, and while maintaining the plasma at a power level of about 1000 watts (at a 
single frequency of 13.56 MHz) to form an about 50-100 nm thick layer of densified dielectric 
material over the low k dielectric layer. The steps to form the low k layer and the densified 
layer are then each repeated to form the desired composite layer of dielectric materials 
comprising a barrier layer of dielectric material, a first layer of low k dielectric material, a 
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first layer of densified dielectric material, a second layer of low k dielectric material, and a 
second layer of densified dielectric material. 

A resist mask with a pattern of via openings can then be formed over the second layer of 
densified dielectric material. A fluorocarbon/hydrofluorocarbon etch (using CF 4 , CH 2 F 2 , 
argon, and oxygen) is then used at a pressure of from about 100-200 millitorr to remove the 
exposed portions of the second densified layer, after which the resist mask can be removed, 
using a conventional ashing process. A fluorocarbon etch (using CF 4 , Ar, CO, and N 2 ) can 
then be used to remove the exposed portions of the underlying second layer of low k dielectric 
material until the first layer of densified material is reached. The etch chemistry is then 
changed back to a fluorocarbon/hydrofluorocarbon etch until the first densified layer is 
penetrated down to the underlying first layer of low k dielectric material, at which time the 
etch chemistry will be again changed back to a fluorocarbon etch until the underlying silicon 
oxide barrier layer is reached. The etch chemistry will then be changed again back to 
fluorocarbon/hydrofluorocarbon etch to etch away the exposed silicon oxide barrier layer down 
to the metal interconnect layer. 

A second mask, having a pattern of trench openings therein in registry with the already etched 
vias, may then be formed over the second layer of densified dielectric material. Trenches may 
then be etched in both the second densified layer and the second low k layer using the same 
etch conditions described above for these layers, with the trench etch then stopping at the first 
layer of densified material. The resultant dual damascene structure, having a pattern of 
trenches formed in the top two layers and a pattern of vias formed in the lower layers in 
registry with the trench openings will be found to have good adhesion between the layers and 
relatively free, therefore, of subsequent delamination problems. Furthermore, damage to the 
low k dielectric material will be minimized. 

Thus, the invention provides a process for forming via and trench openings in multiple layers 
of dielectric materials, including layers of low k dielectric material, wherein the layer or layers 
of densified dielectric material formed from the low k dielectric material can then function as 
etch stop and mask layers for the formation of vias and/or trenches in the layer or layers of 
low k dielectric material without the need to add permanent layers of other materials such as 
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silicon nitride or silicon carbide to the structure. This results in an overall lowering of the 
resultant dielectric constant of the compound layers of dielectric material, as well as improving 
the adhesive characteristics of the resulting composite of dielectric layers, and consequent 
reduction or elimination of delamination problems without, however, encountering damage to 
5 the low k dielectric material during such processing. 

Having thus described the invention what is claimed is: 



